The SCAR/WAVE complex controls actin polymerization at the leading edges of moving cells, but its mechanism of regulation remains unclear. The recent determination of its crystal structure, and identification of the binding sites for upstream regulators, mean its workings can finally start to be revealed.
The thrust that drives migration of eukaryotic cells comes from polymerizing actin filaments, which push the front edge of the cell forwards. SCAR/WAVE proteins are central coordinators of this process [1] . They catalyze formation of new actin filaments from actin monomers and the Arp2/3 complex, under tight temporal and spatial control from multiple intracellular signals; without SCAR/WAVE proteins, pseudopodsthe actin structures at the heart of migration -are greatly diminished or altogether lost [2, 3] . Activators of SCAR/WAVE are known, particularly the small GTPase Rac1, but the mechanisms through which they work are poorly understood. It would be fair to say this is the biggest limitation to current progress in the field. Conversely, full understanding of the regulation of SCAR/WAVE would be the most significant advance in the understanding of cell migration in a generation.
Into this gap rides a new paper by Chen et al. [4] , featuring a high-resolution structure of WAVE1 and its regulators founded on some masterful protein chemistry [4] . While a complete understanding of SCAR/WAVE regulation is some way away, this work is bound to reinvigorate the field and kickstart efforts to understand the mechanisms underlying SCAR/WAVE activation.
Regulation of WAVE1
WAVE1 is a member of the WASP family of actin-nucleation-promoting factors [5] . For all members of this family, actin polymerization is catalysed by a VCA domain, which is small and always found at the carboxyl terminus [6] . The remainder of each protein is mainly thought to regulate the VCA domain. The founding member of this family, WASP, is regulated by autoinhibition. The VCA domain is sequestered and inactivated by a basic region localised near the amino terminus [7] . Activators of WASP destabilize this interaction, which releases the VCA domain for the nucleation of new actin filaments.
Pure WAVE1 is not autoinhibited [8] . However, in vivo it exists in a pentameric complex known as the WAVE regulatory complex (WRC), also comprising Sra1, Nap1, Abi2 and HSPC300 [9] (confusingly each of these proteins is known by several names). This complex has remained mysterious, and whether or not its activity is regulated has been a matter of debate [10] . None of the components contains conserved domains, apart from the VCA domain in WAVE1 and a dispensable Src homology 3 (SH3) domain at the end of Abi2. Sra1 and Nap1 are far larger than WAVE, making the complex very large (>400 kDa), yet few functions are known considering the substantial number and size of the subunits. The WRC is unstable in the absence of any individual member, making it tricky to determine the specific contribution of each subunit [3] . One of the few known functional elements was defined by an in vitro interaction between the amino terminus of Sra1 and Rac1, the best known activator of the WRC [11] .
Several molecules regulate the WRC alongside Rac1. Negatively charged phospholipids are essential for activation of the complex [12] , and protein kinases and adaptor proteins like Nck have also been implicated in the activation of the complex [9, 13] .
The Structure of the WAVE Regulatory Complex Earlier impressions of the WRC implied that it had a distinctly linear structure. It was believed (despite genetic evidence to the contrary [14] ) that the peripheral Pir121 exclusively bound Nap1, which in turn connected to Abi, thence WAVE and HSPC300 at the end [15] . Now, the crystal structure reported in the new study [4] contradicts this simplistic model ( Figure 1A ). Abi2 in fact sits at the periphery of the complex, forming a trimer with WAVE1 and HSPC300. This trimer nestles in a dimeric cradle formed by the two large subunits -Sra1 and Nap1 -that is unexpectedly almost symmetrical, suggesting a shared origin in the mists of evolution. The catalytic VCA of WAVE1 sits coiled within a conserved recess of Sra1. Chen et al. [4] found that perturbation of this interface resulted in constitutively active WRC in vitro, suggesting that Sra1 holds WAVE1 in a sequestered, inactive state. This proposed mechanism of WRC regulation shows obvious parallels with the autoinhibition that controls WASP, suggesting a general mechanism of activation for all WASP family members.
Mechanism of Rac1-Mediated Activation
Purified WRC does not stimulate actin polymerization [10] . It must be activated, in particular by Rac1. Similarly, purified WASP is activated by Cdc42. In this better-understood case, the VCA domain of WASP is released when Cdc42 binds competitively to the autoinhibitory site [7] . Chen et al. [4] reasoned that, although WAVE1 is not regulated by autoinhibition in the strict sense, direct or indirect competition of activators with the VCA might be a general mechanism of activation for all WASP family members.
One of the strengths of Chen et al. [4] is that it includes a direct measurement of Rac1 binding, which has only previously been implied. The reason is apparent from the data -the affinity is very low (w8 mM). However, deletion of the VCA domain of WAVE1 increased the affinity of Rac1 closer to 1 mM, implying that Rac1 binding and VCA domain sequestration are competitive, just as previously measured for WASP.
Targeted mutagenesis of Sra1 revealed a Rac1-binding site near the interface with WAVE1's VCA domain. Furthermore, various truncated forms of WAVE1 also led to a decreased affinity for Rac1. Chen et al. [4] conclude that binding of Rac1 to both Sra1 and WAVE1 mediates a conformational change that frees the VCA domain to generate new actin filaments.
Inositol Lipids and Phosphorylation
The members of the WRC, in particular WAVE, are phosphorylated at numerous, physiologically essential sites [16] . Two tyrosines in WAVE1, Tyr125 and Tyr151, are particularly well situated to exert control over the release of the VCA. Chen et al. [4] found that cells expressing phosphomimetic mutations of these tyrosines formed more lamellipodia, suggesting that the mutations indeed cause constitutive activation of the WRC.
The other well-documented activator of SCAR/WAVE activity is negatively charged lipids, in particular inositol phospholipids [12] . Chen et al. [4] mapped the distribution of charge over the surface of the entire WRC, revealing two oppositely charged faces, which the authors suggest aids orientation of the complex at the membrane. They go on to propose that acidic phospholipids cooperate with Rac1 to recruit the WRC to the membrane by binding to its positive face. The negatively charged face is thus pointed away from the membrane, allowing the VCA domain to project into the cytoplasm where actin nucleation is required ( Figure 1B) . This model fits well with the structure, but implies a relative lack of specificity for particular lipids -phosphatidylinositol (4,5) bisphosphate and even phosphatidylserine are far more appropriate candidates than phosphatidylinositol (3, 4, 5) triphosphate (PIP 3 ), in particular, which has been thought to be a key SCAR/WAVE activator [17] . Although highly charged, PIP 3 at low levels contributes relatively little to the total charge of the membrane, and acts more effectively on specific targets like pleckstrin homology domains. This analysis also suggests that lipids play a permissive, rather than a prescriptive role in WRC activation [18] .
Remaining Issues
The paper by Chen et al. [4] is undoubtedly a great step forward in understanding how SCAR/WAVE and the WRC work. Like all such advances, it poses many more questions. Exactly how Rac1 binding is translated into VCA release remains to be answered. Furthermore, mutations in the proposed binding site only reduce the affinity of the VCA-deleted WRC for Rac1 from about 1 mM to about 8 mM, in other words returning it to the affinity of the intact complex. However, the fact that wild-type WRC appears to have such low affinity for its activator may also suggest the involvement of other co-factors in vivo. Some complicating issue, perhaps a second binding site, remains to be discovered. Secondly, [4] ). Sra1 (green), Nap1 (blue), HSPC300 (yellow), WAVE1 (magenta) and Abi2 (orange). The complex is complete except for the removal of poly-proline rich regions in WAVE1 and Abi2. In the case of WAVE1, this has been replaced with a short linker (major dashed line). (B) Schematic showing the proposed WRC activation mechanism. Unstimulated WRC sequesters the VCA domain of WAVE1, rendering it inactive. Upon binding of the Sra1 subunit to activated Rac1, the entire WRC is recruited to the plasma membrane and the VCA domain is released from sequestration. The interaction between the positively charged face of the WRC and negatively charged phospholipids in the plasma membrane ensures the VCA domain is oriented in the right way to interact with the actin-polymerizing machinery in the cytoplasm. Proline-rich regions absent from the crystallized WRC are indicated by dashed lines. We speculate that the polyproline regions of Abi2 and WAVE1 may behave in a similar manner, and be freed upon WRC activation to interact with cellular components.
there is no indication whether the measured interactions are specific to active, GTP-bound Rac1. This is a key issue; the inactive GDP-bound forms of Rac1 are usually just that -inactiveso the differences between the interactions of the WRC with GDP-and GTP-bound forms will be crucial. And finally, the role of phosphorylation is merely touched upon. It is certain to be more complicated and wide-ranging than can be analyzed in a single paper -but the structure is a crucial starting point.
One interesting and ongoing point is that the function of the majority of the WRC is still unaccounted for. The recombinant complex used to resolve the structure is a masterpiece of protein chemistry, but the large polyproline-rich domains in the carboxyl termini of WAVE1 and Abi2 had to be removed to aid crystallization. The existence of polyproline domains is highly conserved -WAVE1's domains are also seen in all other WASP family members -and thus probably physiologically important. These domains are likely to form extended, unstructured arms that increase the effective size of the complex. Nearly half of Abi2, including an SH3 domain that is important in metazoans but not more distant organisms [19] , is absent. The remainder of Abi2 transverses the entire width of the complex, potentially allowing the unseen carboxyl terminus to protrude near the bulk of Nap1.
This leads to the biggest mystery, the function of Nap1. Chen et al. [4] like most authors, portray this essential component of the WRC as a structural scaffold. However, it is not only very large, but conserved throughout is length from mammals to Dictyostelium and plants [20] , implying a more central and specific role. Its conservation is curious, given its apparent separation from the action around Sra1 and the VCA domain, but this just goes to emphasize that the regulation of SCAR/WAVE still holds many secrets.
The structure of the WRC is not the end, or even the beginning of the end, as Winston Churchill said, of understanding how cells make actin protrusions. It is, perhaps, the end of the beginning. The physical arrangement of the subunits and a plausible mechanism for regulation by Rac1 represent a great step forward, but above all they make the prospects for future advances seem much clearer.
